Whereas genetic factors are known to influence both susceptibility to carcinogens and the capacity to respond to specific antigenic stimuli, little is known regarding the influence of phenotype per se. With this in mind, we utilized (YS x VY)F1 hybrid mice consisting of genetically identical (A'/a) but phenotypically distinct (mottled yellow and pseudoagouti) mice as well as congeneic (a/a) black mice to evaluate immunocompetence as a function of genotype and phenotype. Mottled yellow A'/a mice, which are fat and have increased susceptibility to neoplasia, presented an immunologic profile characterized by decreased antibody response to the T-cell-dependent immunogen tetanus toxoid, enhanced antibody response to the T-cell-independent immunogen type HI pneumococcal polysaccharide, decreased (unadjusted) rates of carbon clearance, and increased levels of serum IgA. In contrast, pseudoagouti AvY/a mice were immunologically comparable to black a/a mice. The data demonstrate that differences in phenotypic expression between genetically identical mice may significantly alter immune function.
Considerable evidence has been published regarding a postulated relationship between immune deficiency and cancer, both supporting (1, 2) and challenging (3) (4) (5) the concept of immune surveillance (6) . Although the evidence convincingly supports the concept that depressed immune function usually accompanies neoplastic disease, a clear cause and effect relationship between immunosuppression and malignant disease has been difficult to establish as many carcinogenic factors, including oncogenic viruses (7, 8) , radiation (1) , and chemical carcinogens (9) , are also immunosuppressive.
Because of the putative relationship between immune function and susceptibility to neoplasia, genotypes associated with diminished immunocompetence have been used to test for increased tumor susceptibility-hence, the central position of the athymic (nu/nu) mouse in the immunosurveillance controversy (3, 5) . Another approach has been to determine whether certain genes associated with relatively high susceptibility to tumors might also be associated with depressed immune function as compared to their alternative alleles. Several investigators have demonstrated that the lethal yellow (AY) and viable yellow (AW) alleles at the agouti locus on chromosome 2 in the house mouse enhance strainspecific predisposition to the formation of a variety of neoplasms. Mice heterozygous for AY have increased susceptibility to chemically and virally induced mammary tumors (10, 11) , hepatomas (12) , lung adenomas (13) , and spontaneous cholangiomas (14) . In these studies, mice bearing only non-AVY alleles (Aa) were more resistant to neoplastic disease.
Gasser and Fischgrund (15) evaluated the graft-versushost (GVH) reactivity of spleen cells from mice of the nonagouti (a/a) genotype and concluded that they were more reactive in GVH reactions than were spleen cells from congeneic yellow Ay/a or AvY/a mice. They also suggested that mice bearing the Ay and AVY alleles have reduced cellular immunologic competence as compared to nonyellow littermates and that the high tumor susceptibility of mice heterozygous for A'y or Ay could be the result of impaired immune surveillance. Heston and Vlahakis (16) , on the other hand, favored the view that increased tumor susceptibility of yellow mice may be causally associated with increased body growth and obesity. Metabolic, nutritional, and endocrine changes in obesity may also contribute to altered immunocompetence (17) .
In contrast to the obesity of ob/ob and db/db mice, the excess fat deposition in yellow AvY/a mice appears to result from failure of the normal decrease in the rate of lipogenesis from the juvenile to the adult stages of development (18) . This failure of a normally programmed metabolic regulatory change to occur suggested that regulation of other developmental processes, e.g., development of functional immunity, may also be altered in these mice.
The agouti locus is present in almost all orders of Mammalia (19) . It exerts its effects on hair pigment pattern by cyclical alteration of unknown conditions in the hair bulb microenvironment that determine whether, at specific times during hair growth, the endoplasmic reticulum of hair bulb melanocytes synthesizes eumelanosomes or the ultrastructurally different phaeomelanosomes (20) . Thus, the agouti locus appears to specify or control a polypeptide(s) that has regulatory functions. Like the effect on melanocytes, other observed effects of "yellow" alleles at this locus are mediated by the tissue microenvironment in which the affected cells reside (21) . The phenotypic effect observed appears to depend on the metabolic pattern of the specific cell type and its characteristic response to the microenvironment.
Yellow AvYa mice (hereafter mottled yellow mice will be referred to as yellow) tend to become obese, whereas pseudoagouti Ar/a mice remain lean and, in all parameters examined (22) including the present set, resemble nonagouti a/a littermates rather than their yellow AvY/a siblings.A However, regulation of the coat color pattern in pseudoagouti Ar/a mice is aberrant (24) . This emphasizes that a regulatory function of the "agouti locus polypeptide(s)" is not completely normalized in the pseudoagouti AvY/a phenotype.
In the present study, the differential phenotypic expression of the A'Y/a genotype was used to test the hypothesis that differences in immune function would partition with phenotype rather than with genotype. The results indicate that, for the measures of immune function examined, differences between congeneic yellow and black mice appear to be associated with phenotypic, rather than genetic, differences. (22) . Because the earliest observed differences between the phenotypes (e.g., coat color) may be detected by postnatal day 10, it appears that unknown conditions in the prenatal maternal environment play a major role in determining which A'l/a zygotes differentiate into the pseudoagouti phenotype. Silvers (20) suggested that a maternal influence on the selection of phenotypic clonal variants (23) may be involved in the differentiation of the various A'y/a phenotypes. Selection pressure would be exerted either on clonal progenitor cells with modified synthesis of the "agouti locus polypeptide" or on progenitor cells with modified susceptibility to the action of this polypeptide. Testing of this hypothesis must await identification of the "agouti locus polypeptide. " immunity, cell-mediated immunity, and nonspecific phagocytosis.
T-Cell Independent Antibody Response to S3. The T-cell independent antibody response to S3 was measured by the RIA method of Schiffman and Austrian (26) as described by Benson and Roberts (27) .
ELISA for TT-Specific IgG. Anti-TT IgG antibodies were quantitated in a modified micro-ELISA (28) utilizing 96-well polystyrene plates (Nunc-Immuno Plate I, Vangard International, Neptune, NJ) coated with 0.1 lime-flocculating unit of TT per well. Goat anti-mouse IgG conjugated to horseradish peroxidase (y chain-specific; Cappel Laboratories, Cochranville, PA) was used to detect TT-bound IgG. The substrate, 5-amino-2-hydroxybenzoic acid (Sigma), was recrystallized as described by Ellens and Gielkens (29) , and substrate to chromophore conversion was quantitated-at A450 with an ELISA plate reader (Bio-Tek, Burlington, VT). IgG anti-TT, in duplicate antiserum samples, was quantitated relative to a standard curve run on each plate with serial 1:1 dilutions of affinity-purified anti-TT standard (1.667 mg/ml). A weighted, iterative least-squares regression method of four-parameter logistic curve fitting was used to characterize the standard curve prior to the calculation of unknowns (30) .
Evaluation of Cell-Mediated Immunity (CMI). The capacity to respond to the contact-sensitizing agent, 4-ethoxymethylene-2-phenyloxazol-5-one (oxazolone, Sigma), was evaluated in 7-month-old mice as a correlate of CMI (31) . Tcell competence was assessed by sensitizing mice on the shaved flank with 25 A.l of 10% (wt/vol) oxazolone (2.5 mg) dissolved in acetone and corn oil on two consecutive days and then challenging them 5 days later with 10 p.l of 1% oxazolone (0.1 mg) in acetone/corn oil, 4:1 (vol/vol) applied to the dorsal surface of an ear. The response was determined by measuring increase in ear thickness at 24, 48, and 72 hr after challenge. For each phenotype, 12 animals were sensitized and challenged as above, and six animals were mocksensitized with 25 ,ul of diluent only and challenged as above. The response of "challenged only" animals was used to control for nonspecific swelling caused by challenge solution irritation or measurement trauma, or both.
Reticuloendothelial Phagocytosis. Rate of carbon clearance (k) and corrected phagocytic index (a) were assayed as described (32) with unimmunized mice. Values plotted for k represent the mean slope ± SEM for 11 or 12 animals per phenotype. Mean correlation coefficients exceeded 0.99. Corrected phagocytic index (a) was calculated as a means to adjust for differences in the ratio of body weight to liver and spleen weight.
Total Immunoglobulin Levels. Serum immunoglobulin levels were determined by radial immunodiffusion (33) . Standard curves were run on each plate with mouse reference sera (Meloy Laboratories, Springfield, VA; lot 19099). Interplate coefficients of variation for IgM, IgG, and IgA were 1.43%, 1.36%, and 1.51%, respectively.
Statistics. Student's t test for two independent means, twotailed, was used to make the comparison of interest. Differences were considered statistically significant (95% confidence level) when P s 0.05.
RESULTS
Growth and Feed Consumption. Yellow mice grew faster and attained greater body weight than either pseudoagouti or congeneic black mice (P < 0.001) (Fig. 1) . Between ages 4 and 52 wk, the average weekly weight gain was 0.82 g/wk for yellow mice, 0.29 g/wk for black mice, and 0.30 g/wk for pseudoagouti mice. During this period, weekly food consumption of yellow mice was 29.6-36.0 g, which was 3-5 g/wk more than that of either black or pseudoagouti mice. ment of peak body weight by yellow mice, differences in feed consumption diminished until the three phenotypes consumed feed at a rate within 1 g/wk of each other.
T-Cell Independent Antibody Response to S3. Yellow mice made higher responses to the T-cell independent antigen S3 than did either black or pseudoagouti mice. Fig. 2 shows the results of two experiments in which mice of all three phenotypes were immunized with 0.5 ,ug of S3, an inoculum previously shown to be optimum for all three phenotypes. The response of 7-month-old yellow mice was higher than that of either black (P < 0.01) or pseudoagouti (P -0.01) mice. When mice were immunized for the first time at age 13 months, the response of yellow mice again was higher but not significantly different from that of black (P = 0.18) or pseudoagouti (P = 0.12) mice because of increased variability in the S3 response in older yellow mice.
Response to the T-Cell Dependent Antigen TT. Capacity to make an IgG anamnestic response to the T-cell dependent antigen TT was evaluated by ELISA in 7-and 13-month-old mice of each phenotype (Fig. 2) . Within each phenotype, age diminished the capacity to make an IgG response to TT. This effect was marked in black (P = 0.008) and in pseudoagouti (P = 0.014) mice and was apparent but not statistically significant in yellow (P = 0.095) mice. Regardless of age, black and pseudoagouti mice responded similarly to TT. In contrast, the responses of yellow mice were lower at age 7 months than those of either pseudoagouti mice (P = 0.005) or black mice (P = 0.0008). When this experiment was repeated in 13-month-old mice, yellow mice again exhibited decreased ability to respond to TT as compared to black (P = 0.04) and pseudoagouti (P = 0.02) mice.
CMI to Oxazolone. There were no significant differences among oxazolone-sensitized animals in response to the con- Nonspecific Clearance of Particulate Carbon. Yellow mice had significantly lower reticuloendothelial clearance rates (phagocytic index k) when compared with either pseudoagouti or black mice (P < 0.01) (Fig. 3A) . However, yellow mice had larger spleens and larger livers than did either pseudoagouti or black mice (P < 0.001). When k was adjusted to account for differences in the ratio of body weight to lymphoid organ weight, corrected phagocytic indices (a) were similar regardless of phenotype (Fig. 3D) . Total Ig Levels. Unimmunized mice of each phenotype were bled at age 7 months, and total serum IgO, 1gM, and IgA levels were quantitated by radial immunodiffusion. Yellow mice had a mean IgA concentration of 29.8 mg/100 ml, which was approximately 21% greater than in age-and sexmatched pseudoagouti or black mice (P < 0.05, Table 2 ).
Levels of total serum IgG in yellow mice appeared low, 260 mg/100 ml, as compared to 349 mg/100 ml in pseudoagouti and 316 mg/100 ml in black mice, but these differences were not statistically significant (P > 0.05). Total serum 1gM levels were comparable regardless of genotype or phenotype.
DISCUSSION
The A^Y/a genotype has been associated with increased susceptibility to spontaneous and induced neoplasms (10) (11) (12) (13) (14) and a decrease in GVH reactivity (15) . These investigations used AvYla mice, which have the tendency to become obese, and congeneic a/a mice, which remain lean. We expanded this experimental model to include A1'Y/a mice, which are phenotypically nonyellow (pseudoagouti) and remain lean.
Immunologic consequences of the obese k"y/a phenotype, as compared to lean a/a mice, were decreased antibody responses to the T-cell dependent immunogen TT, enhanced antibody responses to the T-cell independent immunogen S3, decreased (unadjusted) rates of carbon clearance, and increased levels of serum IgA. We emphasize that this immunologic profile was only apparent in AVY/a mice, which were fat; lean pseudoagouti AVY/a mice, on the other hand, were immunologically comparable to lean a/a mice. This clear partitioning of immunologic characteristics by phenotype, identified by the use of genetically identical but phenotypically distinct mice, argues strongly that the critical factor is expressed phenotype rather than genotype per se.
The complex relationship between nutritional status, immunity, cancer, and aging has been studied and reviewed tThe difference between yellow and either pseudoagouti or black mice is significant at P < 0.05.
extensively (1, 34, 35) . While the efficacy of nutritional support as a means to restore immunocompetence in previously nutritionally deprived animals is well documented (36) , there are few studies that directly examine the effect of obesity and excessive nutrient intake on immune responsiveness in mice (37) . (38) . Such a mechanism would be consistent both with Heston's view that increased tumor susceptibility in yellow mice may be associated with larger body size and obesity (16) and Chandra's findings of altered immune function in obese (ob/ob) mice (37) . The enhanced sensitivity of the immune system during development is well established. The development of a functional immune system involves complex interaction, directed and sequential migration, and subsequent organization of diverse cell types throughout an extended but temporally ordered period of fetal and neonatal development (39, 40) . Factors known to alter the developing immune system include hormones, environmental chemicals, irradiation, and protein deficiency (39) .
Phenotypic differentiation of A'Y/a zygotes is controlled to a considerable degree by the reproductive tract environment of the dam. In turn, the characteristic conditions in this environment are determined by the maternal-strain genome and agouti-locus phenotype (22) . Therefore, it is not unreasonable to expect that regulatory timing mechanisms controlled by the agouti locus, as in the case of differential melanosome synthesis, might also affect the development and, hence, adult function of immunologic systems.
Gasser and Fischgrund (15) evaluated GVH reactivity in yellow A'Y/a and Ay/a mice as compared to a/a mice and suggested a causal relationship between increased tumor susceptibility and impaired cell-mediated immunological surveillance. We evaluated allergic contact dermatitis to the contact allergen oxazolone, as a correlate of CMI, and found that yellow and pseudoagouti A'Y/a mice responded similarly to black a/a mice at 24 hr after challenge, but that black a/a mice made a higher response at 48 and 72 hr after challenge than did either AvYla phenotype. The significance of the higher specific response of sensitized and challenged a/a mice to oxazolone is diminished by the increased nonspecific response of challenged only a/a controls since the latter measure is superimposed upon (and probably roughly additive with) the former. Together, these findings demonstrate no clear differences in CMI between the three phenotypes as measured by contact dermatitis.
Even though Ay/a and a/a mice responded similarly to Ea-1 antigens used to characterize the Ir-2 gene (41), Gasser and Fischgrund suggested that quantitative differences in in vivo GVH reactivity between Ay/a or AvY/a and a/a mice might be a manifestation of Ir-2 gene differences, as this locus is in the same linkage group as the agouti locus (15) . If this were the case and different Ir-2 genes were associated with A'Y/a and a/a mice, it would still not account for the differences described in this report between genetically identical yellow and pseudoagouti AvYla mice. Stutman (13) evaluated the incidence and types of spontaneous tumors in athymic (nu/nu) mice that were also carrying the AVY gene. Whether mice were T-cell deficient (nu/nu) or immunologically intact (nu/+ or +/+), the presence of the AVY gene was still associated with increased tumor inciGenetics: Roberts et aL dence and weight gain. These findings not only argue against immunological surveillance but also clearly indicate that Tcell immunocompetence is not a prerequisite for the expression of either enhanced tumor susceptibility or the fat phenotype associated with the Ay genotype in mice.
The effects on pigment pattern, fat deposition, reproductive tract milieu, and normal, hyperplastic, and neoplastic growth in yellow A'Y/-mice all appear to result from a sofar-unidentified systemic metabolic regulatory alteration induced by the Ay mutation in the various tissue microenvironments. It seems reasonable to postulate that the alterations in immune responses of yellow mice could likewise result from this systemic effect. Alternatively, one or more of these changes may represent secondary manifestations of one of the other phenotypic effects, such as obesity.
The results of this study suggest that the observed alterations in immune function are secondary effects of the phenotypic expression of the A'/a genotype. They also emphasize the importance of the prenatal environment in the development of immunocompetence. A question that remains is whether tumor susceptibility partitions with phenotype or genotype.
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